The modification of poly(vinyl alcohol) (PVA) with glycidyl methacrylate (GMA) in DMSO catalyzed by TEMED is reported in this paper. PVA was dissolved in DMSO and reacted with GMA at 30 ºC in a closed vessel under N 2 gas bubbling for 24 hours. The reaction was characterized by FTIR and NMR ( 1 H,
1
H, 13 C/DEPT and HETCOR) spectroscopies. The reaction occurs by transesterification through the insertion of methacryloyl groups into PVA chains and probably with the formation of glycidol as a by-product. The degree of substitution (DS) that represents the number of methacryloyl groups inserted was determined through 1 H NMR spectra based on the ratio between the averaged area due to the vinyl hydrogen from methacryloyl groups at δ  5.6 ppm and δ 6.0 ppm and the total area of the vinyl hydrogen and hydroxyl hydrogen of PVA. By use of response surface methodology the experimental conditions were optimized. The optimum conditions were 62 ºC with a reaction time of 6 hours. In these optimized conditions, the reactions using the molar ratios [-OH(PVA)/GMA] equal to 1/0.10, 1/0.25, 1/0.50, 1/0.75 and 1/1 were investigated. The response surface was based on the model , where T is the temperature (°C) and t the reaction time (hours). This model explained 99.20 % of the 99.64 % explainable statistical data. Using the optimized conditions, it is possible to produce a desired modified PVA, (or PVA-Ma), because DS raises linearly to the ratio [-OH(PVA)/GMA] up to 25 mol-% and the respective yield ranged from 83 to 92 %. It is difficult to obtain more than 50 mol-% substitution of PVA hydroxyl by methacryloyl groups even in these optimized conditions due to increased steric hindrance by the large number of the methacryloyl groups inserted into PVA. 
Introduction
Poly(vinyl alcohol) (PVA), a synthetic polymer, has been widely used for industrial, commercial, medical, and food applications, mainly as resins, lacquers, surgical threads, and food-contact packages since the early 1930's [1] [2] [3] . The safety of PVA is basically due to its low acute oral toxicity and the fact that it is neither mutagenic nor clastogenic agent. Additionally, PVA is barely absorbed in the gastrointestinal tract when administrated orally and its residues do not build up in the body [3] .
Cross-linked PVA may also be used in special applications as fibers when high mechanical strength [1] is required and/or as hydrogels, when high water content is needed [4] [5] . The tissue-like and elastic properties and the high water content of PVA hydrogels make them advantageous for many biomedical applications, including contact lenses, controlled release matrices, and bio-adhesives.
Several cross-linkers may be used to chemically reticulate PVA. As a general rule, multifunctional chemical moieties that react with PVA hydroxyl groups form threedimensional networks. Plenty of works have been published on cross-linked PVA obtained by different methodologies [1, 2, [4] [5] [6] . Cross-linking may be either chemical or physical and the amount and the type of cross-link would influence many network properties [6] . Chemical modification of hydroxylated compounds by the insertion of glycidyl methacrylate (GMA) and its posterior cross-linking has been used as an alternative hydrogel synthesis pathway. For instance, Martens and Anseth [6] used excess glycidyl acrylate in aqueous media with pH fixed at 1.5 to modify PVA. These authors suggested that the reaction occurs through the opening of the GMA epoxy ring. Van Dijk-Wolthuis and co-workers [7, 8] investigated the chemical modification of dextran with GMA in dimethylsulfoxide, DMSO, as a solvent using 4-dimethylaminopyridin, DMAP, as a catalyst. These authors concluded that the addition of GMA to dextran would occur through the opening of the GMA epoxy ring [7] . However, in a later study the same authors found glycidol as a by-product, which points to the addition of methacrylate groups to dextran by transesterification and not by the opening of the GMA epoxy ring as previously suggested [8] . These authors postulated that transesterification would be favored mainly because glycidol is a wellleaving group [8] . The reaction of GMA with 2-{[2(dimethylamino)ethyl]methylamino}ethanol, DAEMAE, was investigated by Findlay and Sherrington [9] . They observed that this reaction would occur by transesterification in the reaction of the hydroxyl group from DAEMAE with GMA even in the absence of a specific catalyst. They pointed out that DAEMAE catalyzed the reaction through intramolecular interactions. Ferreira and co-workers [10] obtained an ester product by reacting GMA and sucrose in DMSO and using DMAP as a catalyst in a similar way as described by Van Dijk-Wolthuis and co-workers [7, 8] to modify dextran and arrived to similar conclusions i.e. transesterification reaction occurred in the conditions used. Li and co-workers [11] investigated the reaction of chondroitin sulfate, CS, with GMA in aqueous heterogeneous media buffered to pH 7.4 for several days. These authors observed three different products: initially the reversible transesterification of CS occurs. Transesterification was dependent on pH and favored by the basic medium. Afterwards, hydrolysis of the methacryloyl groups occurred and acrylic acid was produced with a simultaneous reduction in pH. Finally, the irreversible reaction of GMA with CS through the opening of the GMA epoxy ring occurred in the resulting acidic medium.
The reaction of PVA with GMA in DMSO, an aprotic solvent, with tetraethylmethylenediamine, TEMED, as a catalyst, was investigated in this work. The expected reaction for modification of PVA with the insertion of GMA by transesterification, pathway (1) and the opening of the GMA epoxy ring, pathway (2) , are presented in Scheme 1. The raw PVA and the chemically modified by inserting GMA, into DMSO using TEMED as a catalyst, were characterized through FTIR and 1 H and 13 C NMR spectroscopies. The degree of substitution, DS, was calculated from the 1 H NMR spectrum of the modified PVA. The influence of temperature, reaction time, and environment (room temperature and N 2 bubbling) type on yield of the modification reaction of PVA with GMA was investigated by factorial design techniques. Thus, optimization of the reaction conditions aiming at better yields was carried out using the response surface methodology (RSM). Factorial design is largely used in the construction of mathematical models, optimization of experimental conditions in analytical chemistry, pharmaceutical formulation, biochemical research, and in industrial processes [12] [13] [14] [15] [16] [17] [18] [19] . With experimental design techniques based on statistical principles such as factorial design and central composite design, a maximum of useful information may be obtained in a study with a minimal number of experiments. The factorial design at two levels, 2 n , allows the evaluation of n factors that may influence one or more responses of the system studied and the interactions of the factors. It can be extended to central composite design, which is the basis of the response surface methodology (RSM). RSM allows the construction of empiric mathematical models for the experimental region under study and the respective optimization of the experimental conditions [12] [13] [14] .
The functionalization of PVA by the addition of groups with unsaturations such as the methacryloyl group is of great importance as it allows obtaining a cross-linked material with properties that will depend on the degree and the conditions of crosslinking. Thus, the objective of this work was to optimize the conditions of modification of PVA to obtain maximum yield. It was also attempted to show that RSM can be used in the optimization of reaction conditions of polymer functionalization.
Results and discussion

Characterization of chemical modification of PVA a) FTIR spectroscopy
The FTIR spectra of PVA, GMA, and PVA-Mas are shown in Figure 1 . In the spectrum of GMA, some characteristic bands can be assigned to the respective groups: stretching of C=O due to methacryloyl groups at 1719 cm -1 and of C=C due to vinyl groups at 1637 cm -1 , breathing of the epoxy ring at 1255 cm -1 , symmetric and asymmetric deformation of the epoxy ring at 845 and 908 cm -1 , respectively, [21] outof-plan bending of the R 2 C=CH 2 group at 946 cm -1 , and stretching of the C-O (ester) group at 1170 cm -1 [22] . In the PVA spectrum, the characteristic bands can be also noticed as for instance, the stretching of C-O (alcohol) groups at 1093 cm -1 [1] . Some characteristic bands of PVA and GMA can be seen in the spectra of PVA-Mas such as the bending of C=O (1705 cm -1 ) and C=C (1637 cm -1 ), out-of-plan bending of R 2 C=CH 2 (946 cm -1 ) and stretching of the C-O (ester) group (1170 cm -1 ). It should be pointed out that the intensity of these bands is raised by the increase in the amount of GMA in the feed solution used in the chemical modification. The characteristic epoxy ring bands at either 1255 or 908 cm -1 in the PVA-Ma spectra are not observed. This evidences that the insertion of methacryloyl groups into the PVA chains has really occurred. Therefore, it is suggested that the reaction might have occurred by the opening of the epoxy ring or by transesterification, as illustrated in Scheme 1. C-NMR spectra of GMA, PVA, and PVA-Mas are presented in Figure 4 . Characteristic signals of carbons 1, 2, 3, and 4 of the methacryloyl group of GMA may be seen in the spectra of PVA-Ma. In addition, the signals at δ 42.6 ppm and δ 70.1 ppm is also observed, which were attributed to the methylenic and methynic carbons, respectively, after analysis of the DEPT spectrum of PVA-Ma obtained for molar ratio [-OH(PVA)/GMA] 1/0.30 ( Figure 5 ). This strongly suggests that the reaction of GMA with PVA occurred by transesterification, according to the pathway (1) of Scheme 1. The signals of the hydrogen bonded to carbons 1 and 3 of the methacryloyl groups of GMA can be visualized in the 1 H NMR spectra of PVA-Ma presented in Figure 6 . It should be highlighted that the signals assigned to the hydrogen-bonded carbons 5, 6, and 7 of the epoxy group of GMA do not appear in the PVA-Ma spectra. On the other hand, the signals at δ 1.6 ppm, δ  3.6 ppm and δ 5.1 ppm, which were not observed either in PVA nor GMA 1 H-NMR spectra, can be observed. With the help of the HETCOR spectrum presented in Figure 7 , it was possible to correlate the carbon signals to the respective hydrogen signals. After these analyses, it could be pointed out that the reaction of PVA with GMA occurs by transesterification and not by epoxy ring opening. Transesterification was favored by DMSO, an aprotic solvent. It was shown in a previous work developed by our group that in DMSO the insertion of GMA into galactomannan occurs by transesterification as methacryloyl was observed in the FTIR and NMR spectra of the modified polymer and the presence of glycidol was detected by GC-MS [23] . Another strong evidence of the effective modification of PVA by the insertion of methacryloyl groups is that in aqueous persulfate/TEMED, followed by N 2 bubbling, the gelation of PVA-Ma polymer chains occurs, giving hydrogels with good mechanical properties. Evaluation of the cytotoxicity of these hydrogels by cell growth and their mechanical characterizations by compression tests are in progress.
Fig. 5.
13
C /DEPT NMR spectrum of PVA-Ma, using the feed solution molar ratio. 
Degree of substitution (DS) and evaluation of yield
The number of methacryloyl groups inserted, also known as degree of substitution (DS), was obtained for each PVA-Ma through equation (1, see experimental part) and based on the signals in spectra from the Figure 6 . DS values obtained are presented in Table 1 . Taking into account the different ratios [-OH(PVA)/GMA] used in the modification solution, it could be pointed out that using reaction the temperature of 30 ºC and 24 for the reaction time, a yield higher than 87 % may be achieved. The main, interaction effects and the respective ANOVA were evaluated from the DS values. The ANOVA data are presented in Table 3 . From the ANOVA results, it can be pointed out that the main effects of temperature (A) and reaction time (B), and the interaction effects of A x B and A x C are significant (P < 0.05). The main and the interaction effects are presented in Table 4 . The significance of these effects may also be appraised by analysis of Figure 8 , which presents the normal plot of the accumulated probability. It can be seen in this figure that the significant effects do not distribute along straight line as the random ones do [12] [13] [14] . By collecting the significant main and interaction effects, a linear model was obtained. According to the results presented in ANOVA (Table 3) , the adjusted linear model is significant (P < 0.05). However, as the experiments relative to the central point were performed, it was possible to verify using the ANOVA data ( Table 3) that the model curvature obtained is significant (P = 0.0003). This shows that regardless of the P value being lower than 0.05 for the linear model, a quadratic model describes the effects of temperature (A) and reaction time (B) on DS better. The data in Table 3 show that a quadratic model would be more robust to describe the experimental behavior of the chemical modification of PVA by the insertion of methacryloyl groups. Although this model explains only 91.93 % of the 94.14 % total explainable statistical data, the curvature is significant.
Tab. 4. Main and interaction effects obtained from 2 3 factorial design (
Fig. 8.
Normal plot of main and interaction effects obtained for 2 3 factorial design.
b) Response surface obtained for DS After the evaluation of the main and the interaction effects, in which input C does not influence the DS values significantly, a surface response involving only inputs A and B was used to optimize the conditions for obtaining the highest possible DS. Therefore, the RSM was used to build the surface. The DS values used to obtain the quadratic model presented in Table 5 refer to 14 experiments in all. Table 6 shows the ANOVA data obtained when a quadratic model was adjusted for the experimental data in Table 5 .
The ANOVA shows that the quadratic model explains 99.20 % of experimental data. In addition, according to the ANOVA, the maximum value that could be explained (obtained by exclusion of the pure error) is 99.64 %. Another parameter indicative of the better adjustment of the quadratic model in relation to that of the linear one is the value of P = 0.361 obtained for the lack of fit, showing that the lack of fit for the quadratic model is not significant.
Finally the residue analysis presented in Figure 9 shows that the residues are distributed in a random way in accordance to the ANOVA data. Table 5 . The obtained surface response based on the quadratic model is presented in Figure  10 . It should be highlighted that the molar ratio [-OH(PVA)/GMA] in solution used for chemical modification was maintained at 1/0.05. Therefore the maximum DS value is 5 mol-%. The best modification conditions, i.e., to obtain DS values close to 5 mol-%, were found to be around 62 ºC with a reaction time of 6 hours. This may be checked in the contour plots, shown in Figure 11 . (Table 3) .
These conditions were used in the further reaction of PVA with GMA keeping the molar ratio [-OH(PVA)/GMA] at 1/0.05. The DS value obtained in this new experiment was 4.63 mol-%. From the quadratic model, the DS value predicted in only one experiment would spread in the range from 4.52 % to 5.18 %. Therefore, it could be strengthened that the value of 4.63 obtained in the new experiment would be in accordance with the maximum DS expected.
Using the same conditions (62 ºC and 6 hours for the reaction time) but varying the molar ratio [-OH(PVA)/GMA] as follow: 1/0.10, 1/0.25, 1/0.50, 1/0.75, and 1/1, it was obtained the values of DS and yield presented in Table 7 . Fig. 11 . Contour plot obtained by use of quadratic model from central composite design (Table 3) . Figure 12 shows the values of DS obtained as a function of the expected ones, i.e., the DS values if 100 % yield were achieved. As can be seen, this dependence may be considered as linear up to a molar ratio [-OH(PVA)/GMA] equal to 1/0.25. The deviation from the linearity over this ratio would be explained as resulting from the increase in steric hindrance as the substitution is raised mainly due to the large number of methacryloil groups inserted into PVA. Thus, steric hindrance would be an important input in the model if higher substitution levels (DS > 50%) were required. Unfortunately, other properties would be needed to calculate this parameter. In this way, it could be pointed out that it is difficult to obtain more than 50 mol-% substitution of hydroxyl of PVA by methacryloil groups using 62 ºC and 6-hour reaction time. However, yields ranging from 83 to 92 % are obtained when DS is up to 25 mol-%. 
Conclusions
The reaction of poly(vinyl alcohol), PVA, with glycidyl methacrylate, GMA, in DMSO catalyzed by TEMED was performed in different molar ratios [-OH(PVA)/GMA]. From FTIR and NMR ( 1 H, 13 C/DEPT e HETCOR) spectroscopy analysis, it was concluded that the reaction occurs by transesterification. The methacryloyl groups are inserted into PVA chains and glycidol, a by-product, is probably formed. From the resulting PVA-Ma, hydrogels are produced in the presence of aqueous persulfate/TEMED under N 2 bubbling. The number of methacryloyl groups inserted into PVA was determined through 1 H NMR spectrum. In the conditions used in this work, yields higher than 87 % were achieved.
The temperature and reaction time for the substitution of hydroxyl groups of poly(vinyl alcohol), PVA, by methacryloyl groups from glycidyl methacrylate (GMA), optimized by response surface methodology (RSM) are 62 ºC and 6 hours. In these conditions, the maximum substitution is around 57 mol-% as the [-OH(PVA)/GMA] ratio is up to 1/1. It is difficult to obtain more than 50 mol-% substitution of hydroxyl of PVA by methacryloil groups even in optimized conditions due to the increased steric hindrance created by the large number of methacryloyl groups inserted into PVA. The degree of substitution (DS) was calculated for each PVA-Ma through the 1 H NMR spectrum based on the ratio between the averaged area due to the vinyl hydrogen from methacryloyl groups, which appeared at δ  5.6 ppm and δ 6.0 ppm, and the total area of the vinyl hydrogen and hydroxyl hydrogen of PVA, as given in equation The effects of temperature (A), reaction time (B), and environment (room atmosphere and N 2 bubbling) (C) on DS were analyzed using a 2 3 factorial design with a central point. A and B inputs were analyzed on three different levels. For this, GMA and TEMED concentrations were fixed at 5 and 1 molar-% relative to the amount of PVA hydroxyl groups, respectively. Design-Expert ® software was used to calculate the statistical parameters (main and interaction effects, etc.). The values of inferior (-1) and superior (+1) levels of codified inputs are presented in Table 8 . As the environment is a qualitative input, the central point was averaged from its (-1) and (+1) levels. The experiments were randomized and run in duplicate to a total of 20 runs. The significance test was based in the P-value that gives directly the probability (95% confidence) of null hypothesis for such effect to be true. After the evaluation of the main and the interaction effects as described in the previous section, a surface response was built using the significant inputs [temperature (A) and reaction time (B)] through Response Surface Methodology (RSM) as will be shown and discussed later. In this procedure, only the experiments 9 to 16, and 19 and 20 (see Table 5 Table 4 .
